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ABSTRACT 
 
In this work we propose the use of experimental and theoretical reflectance anisotropy spectra (RAS) as a new tool to 
identify structural and dynamical aspects of the bilipid membrane and its various constituent molecules. The role of 
geometric details at the atomic level and macroscopic quantities, such as the membrane curvature and tilt for the 
different gel phases, in the theoretical RAS spectra (using Kohn-Sham density functional theory (KS-DFT)) are 
presented. Then the results are compared to the experimentally measured spectra taken from other techniques.  
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1. INTRODUCTION 
 
Cell membrane models have received a great deal of attention in the last century [1]. Despite the contributions 
of several groups [2], more structural and dynamic studies of the membrane are required, especially those involving 
molecules bound to the membrane surface or embedded within the membrane. This information is fundamental to a 
molecular level understanding of disease and, therefore, in the design of new biomolecules for use in treatment with 
molecular medicine. In the past, very little theory and molecular level understanding were used to develop and design 
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new drug molecules. The large pharmaceutical companies and medical researchers in university hospitals and pharmacy 
departments have tried to extract natural products from plants, fungi, and other organisms for use as drugs, for example, 
antibiotics. This has been due in large part to the complexity of the cell membrane, its structure, and a lack of 
understanding of how the membrane and the receptor molecules embedded therein respond to various drugs, ligands, and 
other biomolecules. In addition, because the lipid composition that makes up different cells is different, the structure and 
properties of the membrane as a function of lipid composition is very important. Therefore, new tools are required to 
further investigate the structure and properties of membranes, bilayers, and other structures.  
 
Even the simplest lipid bilayer, consisting of only one kind of lipid molecule, exhibits a very complex phase 
behavior [3]. The following discusses only lipid bilayers composed of one specific lipid molecule, 
dipalmitoylphosphatidylcholine (DPPC) in the Gel phases (we follow the phases notation suggested by Winter and 
Jeworek [4]). The DPPC membrane was studied by Czeslik et al. [5], who observed a pressure induced phase transition 
in membranes that increased the order in the membrane, mimicking a cooling effect. In this context, the most ordered 
and compact structure is known as the Gel 3 phase. This phase is achieved by the application of high pressures and 
cooling to low temperatures. By decreasing the pressure, the DPPC bilipid membrane undergoes a phase transition to the 
LB or Gel 2 phase. This LB or Gel 2 phase is characterized by a tilt angle when compared to the ideal Gel 3 phase, i.e., 
the bilipid layer becomes thinner and wider due to the individual lipid molecules tilting with respect to the perpendicular 
orientation of the membrane surface. By increasing the temperature in the same pressure region, a new Gel 1 phase is 
observed, which is characterized by a sinusoidal modulation of the membrane bilayer conformation. Finally, in the case 
of high pressures and temperatures, the two layers are translated and the two lipid molecules become spatially out of 
phase [6]. 
 
More recently, Seeman and Winter [7] employed the fluorescence anisotropy technique to establish an order 
parameter for DPPC layers under pressure. Their experimental data suggest a phase transition at around 400 bar. In 
addition, other experimental techniques, such as neutron scattering by Kucerka et al.[8] and nuclear magnetic resonance 
(NMR) by Driscolla et al.[9], have been used to study the bilayer size, the existence of structural defects, and the 
phospholipids organization. 
 
 Despite the efforts of many experimental and theoretical groups, many atomic level structural aspects of the 
membrane bilayer still need to be investigated and understood, especially those concerning diffusion and active transport 
of molecules and ions through the membrane. In addition to their importance in the understanding of membrane 
modeling, detailed knowledge of such aspects is a pre-requisite for further studies about how drugs and drug carriers 
(liposomes) interact with the surface of the membrane. Therefore, this work aims to contribute to the understanding of 
the dipalmitoylphosphatidylcholine (DPPC) bilayer using a powerful tool for structure characterization and property 
prediction: Kohn-Sham density functional theory (KS-DFT). The choice of a condensed matter physics theory is justified 
by the need for a good description of electronic structure in order to determine not only the structures of the bilipid 
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membrane, but also the optical properties of the system which depend on the electron density, which is the fundamental 
variable in DFT. 
 
Reflectance anisotropy spectra (RAS) is a powerful investigative method based on the measurement of two 
perpendicular directions of polarized light that strikes the sample and is reflected according to its surface structural 
pattern. RAS has been used for monitoring surfaces during film growth by molecular beam epitaxy (MBE) and 
metallorganic vapor phase epitaxy (MOVPE) as well as for surface analysis including molecule adsorption interactions. 
The development of highly accurate and efficient KS-DFT based methods has made the simulation of RAS not only 
feasible, but the agreement with the experimental RAS is quantitative. For example, in our recent work about the 
interaction of cyclopentene with the InP(001) surface, the excellent agreement between the experimental and theoretical 
RAS supported our proposed configuration for the adsorption of cyclopentene on the InP(001) surface [10]. The 
resolution limits of RAS are usually small. Passmann and co-workers were able to resolve intensity values around -0.001 
and 0.002 a.u. [10]. Therefore, it is fair to say that the RAS provide detailed structural information which makes it an 
important tool for verifying proposed structures by directly comparing calculated and measured RAS. Once the 
experimental and theoretical RAS agree, KS-DFT can be used to calculate other static and dynamic properties that 
depend on the electron density. In addition, after establishing the structure, other methods can be employed to extract 
properties related to non Born-Oppenheimer (BO) quantities, such as electron current and derivatives of various 
magnetic properties with respect to nuclear velocities, the most use is non BO properties [11,12]. 
 
2. THEORETICAL MODELING 
 
The studied bilipid membrane structures were built from the phospholipidic DPPC and cholesterol three-
dimensional (3D) structures obtained from a database from the Library of 3-D Molecular Structures [13]. The algorithm 
derived and developed by us to perform reflection and translation symmetry operations was implemented in our own 
computer program. This code was needed as it allows one to construct the bilipid layers with and without the presence of 
cholesterol. In the algorithm, the membrane bilayer is sinusoidally modulated to characterize the different gel phases 
[14]. 
 
The double DPPC molecule was repeated at each 8 Å, 10 Å , and 70 Å (in a Cartesian coordinate system) 
producing the Gel 3 membrane phase. These dimensions were selected in such a way that just two DPPC molecules were 
contained in each box. This configuration corresponds to the limits of the computational resources which were available 
to us for this project within the theoretical method we chose. Decreasing the periodicity to 5 Å, 9 Å and keeping the 
same number of vacuum layers did not significantly change the calculated optical parameters and RAS. 
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For Gel 2 phase, two valleys appear at 2.0 eV and 2.2 eV and are not observed in the Gel 0 phase. The main 
peaks are shifted to 2.4 eV and 2.6 eV, an increment of 0.4 eV when compared with the values observed for Gel 0 phase. 
In addition, an intense peak at 2.9 eV can be considered as one of the main signatures of Gel 2 phase because this high 
intensity peak is not observed in any other phase. This is consistent with the blue shift at optical signals observed by Guo 
and Zerda [22], who studied the dependence of Raman scattering on the pressure and temperature. They verified that the 
Gel 1 to Gel 2 transition is accompanied by a small blue shift in the spectral band centered at around 2900 cm−1 [22]. 
 
 In order to emphasize the differences between the spectra, we applied an averaging operation at spectra points 
as a function of energy. We chose a 400 points energy window, i.e., 1 eV. Fig. 3B shows the averaging applied to each 
spectrum presented in Fig. 3A. For energy values above 3.4 eV, a negative linear trend is observed. This behavior is 
present in all investigated phases. However, the reflectance values are dependent on the membrane geometry. For 5 eV, 
for example, it is clear from Fig. 4 that the reflectance is -0.03 a.u for Gel 0 and Gel 3 phases, -0.02 a.u for Gel 1 phase, 
and 0.008 a.u for Gel 2 phase. 
 
 Based on each spectrum analysis, it is possible to identify the DPPC membrane phases via differences in their 
RAS. The membrane phase has already been investigated by optical means using fluorescence labels in order to capture 
signals [23-26]. Franchino et al [23] used Merocyanine 540 as a label and reported that it tends to form monomers and 
dimmers on the membrane surface. They evaluated the intensity of emission peaks of monomers and dimmers and 
identified them as a membrane phase signature. In the case of the methodology presented here, it is not necessary to use 
labels to verify that each membrane phase presents its own unique spectra pattern. However, if the researcher wants to 
increase the RAS signal using an overlayer, the methodology presented here is also useful for this sample analysis. The 
limitation of using labels resides in the fact that these labels can relax and reconstruct the surface into a new 
configuration with dimmers. The stress and surface energy might change the membrane structure and might even induce 
a phase transition. Ira et al [26] also emphasized that fluorescence of organic probe molecules in lipid bilayer membranes 
is a complex issue and may exhibit considerable variations from probe to probe due to multiexponential decay and 
wavelength dependent fluorescence. According to these authors, this complexity arises due to multiple sites for the dye 
in the membrane at core, surface, and interface regions [26]. Therefore, we propose the use of a method that does not 
perturb the membrane surface, such as the RAS measurements, an application that has not been reported so far. RAS 
measurements have traditionally been used to investigate semiconductors surfaces [10, 27-31]. One of our main goals in 
this work is to show that the present results can be used as a guide for an experiment set up that joins the semiconductor 
surface methodology with the bilipid membrane synthesis and characterization. 
 
The different phases identified for the same plasmatic membrane using the RAS technique can also either 
corroborate or refute the domain model or the fluid mosaic model, two competing membrane models. Janosch et al.[25] 
used the labeled and free membrane fluorescence microscopy measurements and saw spots that corroborate the raft 
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consistent with the experimental work of Guo and Zerda [22], where an increase of the pressure in the DPPC membrane 
resulted in a shift of the Raman spectra to higher wave numbers. 
 
4. CONCLUSION 
 
RAS is a powerful methodology that can be used to characterize plasmatic membrane and vesicles. It presents a 
selectivity capable of detecting the properties of atoms that comprise the membrane surface, neglecting effects due to the 
bilayer inner atoms. This particularity is seen by the similarity between the spectra obtained for the Gel 0 and Gel 3 
phases. This selectivity effect can be very useful if the researcher wants to study properties exclusively due to the 
surface, without the information produced by the complex membrane inner structure. A measurement of conventional 
optical absorption would sum the contribution of all the elements that constitute the membrane, increasing the number of 
data to be evaluated.  
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